The enzyme 5␣-reductase (5␣-R) is present in many mammalian tissues, including the brain. The physiological importance of 5␣-R in the brain derives from its capability to convert testosterone (T) to a more potent androgen, dihydrotestosterone (DHT), and to convert progesterone and deoxycorticosterone (DOC) to their respective 5␣-reduced derivatives, precursors of allopregnanolone and tetrahydroDOC, potent allosteric modulators of the ␥-aminobutyric acid receptor (GABA A -R). 5␣-R occurs as two isoforms, 5␣-R type 1 (5␣-R1) and 5␣-R type 2 (5␣-R2). We studied the effects of T and DHT on the mRNA levels of both 5␣-R isozymes in the prefrontal cortex of the adult rat, using an accurate and precise method that combines the high specificity of one-step quantitative RT-PCR with the sensitivity of capillary electrophoresis. Our results demonstrate that both isozymes of 5␣-R are expressed in the cerebral cortex of adult rats. The gene expression of 5␣-R type 2 is under the positive control of T and DHT. The gene that codes for 5␣-R type 1 is not constitutive, because its expression is negatively regulated by T and DHT. These results open up a new research line that may lead to a better understanding of the role of 5␣-R isozymes in the physiology of the central nervous system.-Torres, J. M., Ortega, E. Differential regulation of steroid 5␣-reductase isozymes expression by androgens in the adult rat brain. FASEB
The enzyme 5␣-reductase (5␣-R) (EC 1.3.99.5) is present in many mammalian tissues, including the brain. The physiological importance of 5␣-R in the brain may derive from two of its properties: its capability to convert testosterone (T) to a more potent androgen, dihydrotestosterone (DHT), which appears to participate in the sexual differentiation processes of some brain regions (1) (2) (3) (4) ; and its capability to convert progesterone and deoxycorticosterone (DOC) to their respective 5␣-reduced derivatives, providing the substrates for 3␣-hydroxysteroid dehydrogenase, the enzyme responsible for the formation of 3␣-hydroxy-5␣-pregnan-20-one (allopregnanolone), and 3␣,21-dihydroxy-5␣-pregnan-20-one (tetrahydroDOC). These compounds are potent neurosteroids whose action is mediated by allosteric modulation of the ␥-aminobutyric acid-A receptor complex (GABA A -R) (5) . Indeed, neurosteroids also regulate the expression of genes that encode subunits of GABA A -R (6) . GABA A -R participates in the regulation of various psychophysiological phenomena. Thus, fluctuations in the concentrations of these 5␣-reduced neurosteroids may play a major role in the physiology of the individual and in the development of some disorders (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) .
5␣-R exists as two isoforms, 5␣-R type 1 (5␣-R1) and 5␣-R type 2 (5␣-R2). These two isozymes have different biochemical properties and may therefore be expected to have different physiological roles. In the central nervous system (CNS) of the rat, 5␣-R type 1 is constantly present at all stages of development and throughout the life of the individual, whereas 5␣-R type 2 is expressed during the perinatal period and its subsequent expression is confined to specific brain areas (1) . It has been suggested that 5␣-R type 2 participates in sexual differentiation processes in the CNS, whereas 5␣-R type 1 essentially plays a catabolic and neuron protective role (1). 3␣5␣-reduced neurosteroids regulate physiological processes throughout life. Furthermore, DHT may be necessary to maintain functions previously established during ontogenesis of the CNS. For this reason, both isozymes of 5␣-R may play an important role in the physiology and pathology of the CNS not only during ontogenesis, but also throughout the individual's life.
The present paper aimed to study the expression of both isozymes of 5␣-reductase and their regulation by T and DHT in prefrontal cortex of adult rats, using a novel method developed by our group that combines the high specificity of one-step quantitative RT-PCR with the sensitivity of laser-induced fluorescence capillary electrophoresis (LIF-CE).
MATERIALS AND METHODS

Animals
Adult male Wistar rats weighing 260 -280 g were housed in an air-conditioned room with fluorescent lights on from 7.00 to 19.00 h and given standard laboratory pellet chow and water ad lib. Experiments were made in strict accordance with the NIH guide for the "Care and Use of Laboratory Animals." The experimental groups studied were intact rats (I), intact rats plus T (IϩT), intact rats plus DHT (IϩDHT), castrated rats (C), castrated rats plus T (CϩT), and castrated rats plus DHT (CϩDHT). The castrated animals underwent bilateral orchidectomy under ether anesthesia. Groups IϩT and CϩT were subcutaneously (s.c.) injected with oil vehicle (20% ethanol in sesame oil) containing testosterone propionate (T p ; 1 mg/kg body weight/day) (19) on days 0, 3, 6, 9, and 12; a final injection was given 3 h before decapitation on day 15. To enable comparison of the effects of T and DHT, groups IϩDHT and CϩDHT were s.c. injected with oil vehicle (20% ethanol in sesame oil) containing dihydrotestosterone propionate (D p ; 1 mg/kg body weight/ day) (19) on the same days (days 0, 3, 6, 9, 12, and 15). I and C groups were s.c. injected on the same days with oil vehicle alone. The number of rats per group was 10. The animals were decapitated and the brain was removed and weighed. Prefrontal cortex samples were frozen in liquid nitrogen and stored at -80°C until analysis. Blood samples were collected in heparinized tubes. After coagulation, the blood was centrifuged at 2000 rpm for 10 min. The plasma was separated and stored at -80°C until hormonal measurements were performed.
Hormone assays
Plasma T concentrations were measured by RIA using a commercial DiaSorin (Vercelli, Italy) kit without modification. The intra-and interassay coefficients of variation were 7.6% and 12.0%, respectively, and the sensitivity was 0.05 ng/mL. Plasma DHT concentrations were measured by direct ELISA (Diagnostic Biochem Canada Inc., Ontario, Canada). The intra-and interassay coefficients of variation were 5.9% and 7.5%, respectively, and the sensitivity was 6.0 pg/mL.
Oligonucleotides used for amplifications
Sequences of rat 5␣-R isozymes were obtained from GeneBank and the sequence of plasmid pEGFP-C1 was obtained from the Clontech web page. These sequences were used to design the primer pairs. Primers for 5␣-R isozymes were 20 bp in length, whereas primers used to synthesize both competitor molecules were 40 bp in length. All forward primers were end-labeled with 6-carboxy-fluorescein (6-FAM). Oligonucleotides were synthesized by PE Applied Biosystems, U.K.
Primer sequences (5Ј-3Ј) and PCR product sizes were as shown in Table 1 .
Construction of the internal standard template
Two synthetic internal standard (IS) DNAs of 300 bp were synthesized from the sequence of plasmid pEGFP-C1 (Clontech, Palo Alto, CA, USA). Two different sets of primers of 40 nucleotides were used to synthesize both competitive molecules: IS-1 (competitor DNA of 5␣-R1) and IS-2 (competitor DNA of 5␣-R2). In each case, the first 20 nucleotides at the 5Ј ends correspond to the forward and reverse primers that amplify 5␣-R1 and 5␣-R2 fragments, respectively; 20 nucleotides at the 3Ј ends correspond to the opposite strands of the plasmid sequence. Both 300 bp fragments IS-1 and IS-2 were obtained after two consecutive amplifications from pEGFP-C1, with 5Ј and 3Ј ends modified to contain the same nucleotide sequences as SRD5A1 or SRD5A2, following Torres et al. (20) .
Reverse transcription reaction-polymerase chain reaction
Total RNA was extracted from 25 mg of rat prefrontal cortex tissues by acid-guanidinium thiocyanate-phenol-chloroform (21) . The RNA was resuspended in diethyl pyrocarbonate (DEPC) -treated water and quantitated spectrophotometrically for analysis. First-strand cDNA was synthesized from 100 ng of total RNA using the reverse primer and Tth DNA polymerase (GeneCraft, Germany). Reactions were incubated at 55°C for 10 min, followed by 20 min at 70°C. The percentage efficiency for RT reactions was estimated to be 9 3 Ϯ 1.9 (meanϮse for nϭ7) and was calculated using the formula % RTϭ ng cDNA synthesized / ng RNA, making the RT reaction in the presence of 10 Ci [␣-
32 P] dCTP (3000 Ci/mmol; 10 mCi/mL). The PCR profile was denaturing, 94°C for 30 s; annealing, 55°C for 30 s; and extension, 72°C for 30 s. In each case the number of cycles was 35. PCR was carried out in a Perkin-Elmer 2400 Thermal Cycler.
Analysis of PCR products
Capillary electrophoresis was carried out in a 47 cm silica capillary containing POP-4 polymer (PE Applied Biosystems). Each sample was run for 24 min at 60 KJ of voltage, with 5 s of injection time. We performed LIF-CE in an ABIPRISM 310 Genetic Analyzer (PE Applied Biosystems).
Statistical analysis
Statistical analysis of the results was performed using the Student's t test. The data are expressed as mean Ϯ se. 
RESULTS
Serum hormonal levels
Castrated animals had significantly lower T levels than intact animals ( Fig. 1) . As could be expected, there was a significant increase in T levels after T treatment in intact and castrated rats compared with their pretreatment levels. After DHT treatment, there was a significant decrease in T levels in intact rats compared with their pretreatment levels. The DHT levels in castrated animals were lower than those in intact animals (Fig. 2) . After T treatment, there was a significant increase in DHT levels in both intact and castrated animals compared with their pretreatment levels, with a higher effect in the castrated rats. After DHT treatment, there was an increase in DHT levels in intact and castrated animals compared with their respective pretreatment levels.
Quantification of 5␣-R1 mRNA levels in prefrontal cortex
The amount of mRNA was expressed as number of mRNA copies per 100 ng of total RNA. After cDNA was generated from total RNA by RT reaction, it was coamplified in the presence of decreasing amounts of the competitive DNA (64ϫ10 6 -0.5ϫ10 6 molecules). We coamplified 5␣-R1 cDNA and the competitive standard DNA IS-1 using the same pair of primers. With decreasing amounts of the competitive DNA, the relative intensity of amplified product of target DNA increased.
The ratio of fluorescence of 5␣-R1/IS-1 was plotted against the amount of competitive DNA IS-1 and the concentration of target DNA in the sample was calculated according to Torres et al. (20) . The concentration of problem cDNA was corrected by the correction factor K. The correction factor K depends on the RT-PCR characteristics and is the product of three components that represent the correction due to the difference in size between problem and standard, the correction due to the addition of the internal standard in DNA form, and the efficiency of retrotranscription (20) .
The mean amount of 5␣-R1 mRNA in the prefrontal cortex of the different experimental groups is displayed in Fig. 3 . 5␣-R1 mRNA levels in castrated animals were significantly higher than in intact animals. After T and DHT treatment, there was not a significant increase in 5␣-R1 mRNA levels in intact rats compared with their respective pretreatment levels. After T and DHT treatment, there was a significant decrease in 5␣-R1 mRNA levels in castrated animals compared with their respective pretreatment levels, with a greater effect in the latter group.
Quantification of 5␣-R2 mRNA levels in prefrontal cortex
In the same way, we coamplified 5␣-R2 cDNA and the competitive standard DNA IS-2 using the same pair of primers. With decreasing amounts of the competitive DNA, the relative intensity of amplified product of target DNA increased. Thus, the ratio of fluorescence of 5␣-R2 /IS-2 was plotted against the amount of competitive DNA IS-2. The mean amount of 5␣-R2 mRNA in the prefrontal cortex of the different experimental groups is shown in Fig. 4 . Castrated animals had significantly lower 5␣-R2 mRNA levels than intact animals. After T treatment, there was a significant increase in 5␣-R2 mRNA levels in both intact and castrated animals compared with their pretreatment levels, with a greater effect in the latter group. After DHT treatment, there was a significant increase in 5␣-R2 mRNA levels in both intact and castrated animals vs. their respective pretreatment levels.
DISCUSSION
The results of our experiment clearly demonstrate that both isozymes of 5␣-R are expressed in prefrontal cortex of adult male rats. It was previously reported that 5␣-R type 2 is selectively expressed in the hypothalamus of adult male rats under basal conditions (22) . By using a novel method of "one-step" quantitative RT-PCR coupled to LIF-CE, we also detected 5␣-R type 2 expression in the prefrontal cortex of adult rats under basal conditions. It is therefore possible that 5␣-R type 2 is expressed in many areas of the brain of adult rat but has not yet been detected because of methodological limitations, as was disclosed when our group used a two-step quantitative RT-PCR coupled to CE in an earlier study (20) .
The pattern of expression of 5␣-R type 2 presented in this study appears to be correlated with T levels, indicating that this isozyme may be positively modulated by androgen, as described previously during late fetal/ early post-natal life (1). Our results demonstrate for the first time that 5␣-R type 2 expression in the brain is regulated by DHT, a product of the encoded enzyme, via a form of feed-forward regulation. This regulatory mechanism is common among developmentally important genes (19, 23) . Thus, T and DHT bind to a transcription factor, the androgen receptor, which in turn activates genes that carry out morphogenetic programs implicated in sexual differentiation processes in specific brain regions (1) . In view of our results in adult animals, 5␣-R type 2 may play a role in the CNS not only during its ontogenesis but also during the lifespan of the individual, as occurs in the prostate (24) .
Our study demonstrated that 5␣-R type 1 expression is not controlled by androgen in the intact animal. However, it is negatively controlled by some testicular factors (in part by T and DHT) because there is a marked increase in 5␣-R type 1 expression in castrated animals, in which circulating T and DHT are low. Furthermore, T and DHT decrease the mRNA levels of 5␣-R type 1 in castrated animals. These findings are novel and surprising. Previous reports have attributed an essentially catabolic role to 5␣-R type 1 (13), protecting neurons from excessive glucocorticoids that may induce apoptotic processes (25, 26) . This is not unreasonable because 5␣-R type 1 actively metabolizes steroids when they reach high concentrations within cells (27) . From a physiological standpoint, the elevated expression of 5␣-R type 1 in the castrated animal, when steroid levels are lower than in the intact animal, suggests that the catabolic function is not the only role played by this isozyme. The expression profile of 5␣-R type 1 in the cerebral cortex of the adult male rat is totally different from its profile in the liver (unpublished data), which is the catabolic organ par excellence.
Our results raise the possibility that 5␣-R type 1 may also be involved in sexual dimorphism processes, exerting effects opposite to those of 5␣-R type 2, given that the two isozymes are regulated in opposite directions by T and DHT. 5␣-R type 1 may also participate in the synthesis of 5␣-reduced derivatives of progesterone, especially in females in whom progesterone levels are high (28, 29) or in stress situations. It has been reported that in stress situations the ratio allopregnanolone/progesterone increases in the cerebral cortex of both intact and adrenalectomized male rats (7), pointing that allopregnanolone biosynthesis occurs in situ in the brain from progesterone and that stress situations increase the via of the 5␣-reduction in the brain.
We previously reported that GABA A receptors participate in the development of gender differences in the brain (30) . Thus, the neonatal administration of the GABA agonist diazepam (DZ) to male rats induced maternal behaviors and decreased the number of accessory olfactory bulb (AOB) mitral cells in adulthood to values found in the female (31) . 3␣5␣-reduced neurosteroids regulate GABA A receptors in a similar way to barbiturates (17, 32) and may therefore exert similar effects in the CNS. We found that prenatal environmental stress altered sex differences in parental behavior and increased AOB mitral cells of the rats in adulthood (unpublished data). Stress situation increased allopregnanolone levels in the cerebral cortex of rats (7) and perhaps in other cerebral areas. 5␣-R activity has been demonstrated in several brain areas, including the olfactory bulb (33) . On the basis of these findings, 3␣5␣-reduced neurosteroids, and therefore 5␣-R type 1, may be involved (besides other functions) in the sexual differentiation of the brain and of behavior, favoring the formation and maintenance of female brain structures. Our data demonstrated an increase in 5␣-R type 1 expression in the castrated male rat that is hormonally similar to a female model. This observation is consistent with a previous report that 5␣-R activity in liver, which expresses only 5␣-R type 1, is more active in female than in male rats (34) .
Earlier findings have demonstrated that neonatal administration of DHT induced a decrease in the volume of AOB in male rat to levels found in females (35) . It is difficult to understand how DHT, an essentially androgenic hormone, can feminize brain structures. A reasonable explanation may be that the exogenously administered DHT overexpressed 5␣-R type 2 in the brain in a generalized manner, producing 3␣5␣-reduced metabolites that have the same effect as DZ on AOB volume (31) . It has been reported that 5␣-R type 2 gene expression was induced in the hippocampus of female mice by progesterone producing 5␣-reduced neurosteroids, like allopregnanolone, which are thought to exert behavioral effects such as anxiolytic and anesthetic (36) . The contribution of 5␣-R type 2 to the formation of 3␣5␣-reduced neurosteroids may be small in the male brain under physiological conditions because concentrations of T are much higher than those of progesterone or DOC. Furthermore, the male brain may avoid the generalized overproduction of DHT from T. In fact, T induces the neuronal enzyme aromatase in the brain (22, 37) , and it is well known that most of the effects of T in the sexual dimorphism of the CNS are exerted via estrogen receptor after their local aromatization to estradiol.
To our best knowledge, our study provides the first evidence that the expression of both 5␣-R isozymes in the brain, at least in the cerebral cortex, is regulated in opposite ways by androgens. This finding suggests that both isozymes may play a role in the sexual dimorphism of the CNS, besides other functions. Given that both isozymes are expressed and regulated in the adult animal, it appears that they participate not only in the formation and development of the brain, but also in the maintenance of sexually dimorphic brain structures, offering a dynamic rather than a static model of the cerebral functionality required by the physiology and psychology of the individual.
